Cerebellar GABAergic inhibitory transmission between interneurons and Purkinje cells (PCs) undergoes a long-lasting enhancement following different stimulations, such as brief depolarization or activation of purinergic receptors of postsynaptic PCs. The underlying mechanisms, however, are not completely understood. Using a peak-scaled non-stationary fluctuation analysis, we therefore aimed at characterizing changes in the electrophysiological properties of GABA A receptors in PCs of rat cerebellar cortex during depolarizationinduced "rebound potentiation (RP)" and purinoceptor-mediated long-term potentiation (PM-LTP), because both RP and PM-LTP likely depend on postsynaptic mechanisms. Stimulation-evoked inhibitory postsynaptic currents (eIPSCs) were recorded from PCs in neonatal rat cerebellar slices. Our analysis showed that postsynaptic membrane depolarization induced RP of eIPSCs in association with significant increase in the number of synaptic GABA A receptors without changing the channel conductance. By contrast, bath application of ATP induced PM-LTP of eIPSCs with a significant increase of the channel conductance of GABA A receptors without affecting the receptor number. Pretreatment with protein kinase A (PKA) inhibitors, H-89 and cAMPS-Rp, completely abolished the PM-LTP. The CaMKII inhibitor KN-62 reported to abolish RP did not alter PM-LTP. These results suggest that the signaling mechanism underlying PM-LTP could involve ATP-induced phosphorylation of synaptic GABA A receptors, thereby resulting in upregulation of the channel conductance by stimulating adenylyl cyclase-PKA signaling cascade, possibly via activation of P2Y 11 purinoceptor. Thus, our findings reveal that postsynaptic GABA A receptors at the interneuron-PC inhibitory synapses are under the control of two distinct forms of long-term potentiation linked with different second messenger cascades.
Introduction
Synaptic plasticity, such as long-term potentiation (LTP) or long-term depression, is a potential cellular basis of learning and memory. Extensive studies have revealed the underlying mechanisms of the synaptic plasticity at AMPA receptor-mediated excitatory synapses, however, relatively little is known about those at inhibitory synapses. A synaptic process termed rebound potentiation (RP), found in GABAergic inhibitory synapses between cerebellar interneurons and Purkinje cells (PCs), is one form of long-term upregulation of GABA A receptormediated transmission induced by direct depolarization of the postsynaptic PC [1] . Although the increase of intracellular Ca 2+ concentration and subsequent activation of Ca 2+ /calmodulindependent protein kinase II (CaMKII) appear to mediate the induction and maintenance of RP [2, 3] , the mechanism by which CaMKII induces RP remains elusive. In the LTP at excitatory glutamatergic synapses, CaMKII is reported to affect AMPA receptors via at least two distinct mechanisms. CaMKII directly phosphorylates GluR1 subunit at Ser831 to increase the conductance of existing AMPA receptors [4, 5] . Alternatively, CaMKII appears to indirectly cause insertion of new AMPA receptors into the postsynaptic membrane, likely through phosphorylation of a PDZ domain or GTPase-activating protein [6, 7] . Lüthi et al. [8] reported that among hippocampal CA1 pyramidal cells that developed LTP and the subsequent depotentiation, only 60% of them were associated with an alternation in receptor conductance. These findings suggest that distinct mechanisms of synaptic plasticity are separately involved in LTP at glutamatergic excitatory synapses and prompted us to examine what molecular mechanisms underlie the upregulation of GABA A receptors during RP.
In addition to RP, it has recently been demonstrated that another form of synaptic plasticity operates in response to activation of purinoceptors at cerebellar GABAergic synapses where both ionotropic P2X and metabotropic P2Y receptors are implicated in presynaptic and postsynaptic enhancement of GABAergic transmission onto PCs [9] [10] [11] [12] . Saitow et al. [10] found that ATP and its analogs induced an enhancement of stimulation-evoked inhibitory postsynaptic currents (eIPSCs) recorded in PCs through activation of postsynaptic P2Y receptors, outlasting tens of minutes after washout of P2Y receptor agonists, which was hereinafter referred to as purinoceptor-mediated long-term potentiation (PM-LTP). Even though PM-LTP requires elevation of intracellular Ca 2+ as RP does, the time course of PM-LTP is much slower than that of RP and is independent of influx of extracellular Ca 2+ that is essential for induction of RP. These observations raise the possibility that distinct mechanisms underlie the enhancement of the GABA A receptor sensitivity during RP and PM-LTP induced in PCs. Peak-scaled non-stationary fluctuation analysis (PS-NSFA) could characterize the properties of single receptor channels, the number of active receptors and the single channel current, based on fluctuations detected during synaptic responses. Since PS-NSFA and its analogous fluctuation analysis have been widely used to investigate the electrophysiological properties at glutamatergic as well as GABAergic synapses [13, 14] , we adopted this analysis to examine how GABA A receptors in PCs could be modulated during RP and PM-LTP. We also performed pharmacological experiments where the effects of protein kinase inhibitors were tested to further explore signaling mechanisms underlying PM-LTP.
Slice preparation
Wistar rats of both sexes (9-to 14-day old) were deeply anesthetized with halothane, and the brain was quickly removed from the skull and immersed in an ice-cold Na + -deficient saline 
Patch-clamp recording and stimulation
A cerebellar slice was placed on the bottom of the recording chamber attached on the stage of a microscope (BX-51WI, Olympus, Tokyo, Japan) and held in position by a nylon mesh. Patch clamp electrodes were pulled from borosilicate glass tubing (GD-1.5, Narishige, Tokyo, Japan) and filled with an internal solution containing (in mM): 78.0 CsCl, 64.0 Cs methanesulfonate, 1.0 MgCl 2 , 1.0 K-EGTA, 10.0 Na-HEPES, 2.0 QX-314, 3.0 Mg-ATP, and 0.4 Na-GTP, pH 7.4. Resistance of the electrodes was 2−4 MΩ. Whole-cell patch clamp recordings were obtained from PCs that were visually identified under the infrared differential interference contrast (IR-DIC) optics with a water immersion objective lens (60×, NA 0.90, Olympus) and an IR-CCD camera (C2741-79H, Hamamatsu Photonics, Hamamatsu, Japan). Membrane currents and potentials were recorded with a patch-clamp amplifier (EPC-8; HEKA Electronik, Lambrecht, Germany). All signals filtered at 3 kHz and sampled at 5 kHz were stored in a computer for off-line analysis. Synaptic responses were recorded at 24−26°C in the chamber continuously perfused with the oxygenated ACSF at a flow rate of 1.0 ml/min, and 10 μM 2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX) was added into ACSF to block ionotropic glutamate receptor-mediated excitatory synaptic currents. To evoke IPSCs, basket cell axons were stimulated every 15 sec by a paired pulse (50 μs and 0.12 mA) via a glass microelectrode filled with ASCF and placed in the molecular layer. RP was induced by injecting ten depolarizing pulses (from -70 to 0 mV at 1 Hz for 500 msec) into PCs. PM-LTP was induced by bath application of 100 μM adenosine 5'-triphosphate (ATP) for 5 min. We chose ATP as a purinoceptor agonist because it could act as an endogenous purinergic agonist and has been shown to be co-released with GABA from hypothalamic and spinal cord neurons [15, 16] . In the cerebellar cortex, ATP could be released from interneurons in the molecular layer [17] and evoke a Ca 2+ increase in Bergmann glial cells [18] . There has also been accumulating evidence that ATP could serve as a gliotransmitter released from astrocytes at tetrapartite synapses [19, 20] .
Peak-scaled non-stationary fluctuation analysis (PS-NSFA)
Using PS-NSFA [13, [21] [22] [23] [24] [25] [26] , eIPSCs were analyzed to estimate changes in the number (N) or single-channel current (i) of functional GABA A receptors before and after induction of RP or PM-LTP. Briefly, IPSC waveforms were aligned with the time point of maximal rise, estimated by 5-point moving average, and averaged. The averaged mean-current waveform was scaled to the peak amplitude of individual IPSCs, subtracted and squared. The variance of the fluctuation around the mean-current was calculated for 30 bins of equal current decrement from the peak to 5 times of half decay time of the mean-current. The binned variance, averaged through all the eIPSCs, was plotted versus the mean-current amplitude. The N and i values were estimated by least-square fitting of the peak scaled variance and mean-current curve to the theoretical relationship:
where σ 2 is the variance, I is the mean-current, and b is baseline variance. In this study, more than 20 eIPSCs without spontaneous IPSC overlap were carefully selected for each analysis. We used N and i values calculated from eIPSCs recorded during 10 minutes just before injection of depolarization pulses or application of ATP as baseline (control). The N and i values calculated from eIPSCs recorded between 10 and 20 min after membrane depolarization or ATP application, during which the amplitude and the decay time of IPSCs reached the plateau, provided the basis for our statistical comparisons. All the analysis was done using MATLAB software (MathWorks, MA, USA).
Validation of PS-NSFA
To check the validity of our PS-NSFA in evaluating GABA A receptor characteristics of eIPSCs recorded at interneuron-PC inhibitory synapses, we first conducted two types of control experiments, in which we attempted to change the unitary current and the number of GABA A receptors, respectively, by changing the membrane potential and by applying the GABA A receptor antagonist bicuculline (Fig 1) . Shifting the holding potential, namely changing the driving force for activation of GABA A receptors affected only the size of unitary current through GABA A receptors, whereas the number of channels remained almost constant. The slope near I = 0, approximately corresponding to i, was increased with the increment of membrane potential ( Fig 1A) . In contrast, estimated number of receptor channels was reduced when GABA A receptors were partially blocked by a low concentration of bicuculline (100 nM), but the unitary current amplitudes remained comparable before and after the bicuculline treatment. Accordingly, the curve height decreased as bicuculline reduced the number of active receptor channels, whereas the slope is unaffected, indicating that the intensity of unitary current passing through GABA A receptors was not affected by bicuculline (Fig 1B) .
Drug application
ATP disodium salt, cAMPS-Rp triethylammonium salt (Rp-Adenosine, 3 0 , 5 0 -cyclic monophosphorothioate), H-89 and KN-62 were obtained from Sigma (Singapore). NBQX was obtained from Tocris Cookson (Bristol, UK). All the drugs were dissolved in ACSF and applied by perfusion. In experiments for testing the effects of H-89, cAMPS-Rp or KN-62, we recorded control eIPSCs in the presence of each one of inhibitors for more than 10 minutes before application of ATP to confirm that there were no significant changes in the amplitude, rise time and decay time of eIPSC.
Statistics
Numerical data are presented as mean ± S.E.M., and statistical significance was assessed by Student's paired or unpaired t-test. The p-value was indicated as p. We evaluated changes in the mean amplitude of eIPSCs by comparing the values obtained during the periods of 10 to 15 minutes after membrane depolarization or ATP application and those obtained during 5 minutes of control conditions. In experiments for testing the effects of H-89, cAMPS-Rp or KN-62, Dunnett's multiple comparison test was further conducted to compare the differences in the eIPSC amplitude or parameters of PS-NSFA among individual experimental groups for preand post-ATP application periods.
Results

Long-term enhancement of inhibitory interneuron-Purkinje cell synapses by membrane depolarization and ATP application
Membrane depolarization induced RP of eIPSCs with a significant increase in the amplitude to 176.5 ± 12.5% of control (Fig 2A, n = 8, p<0 .001). In agreement with earlier findings [3] , the augmentation of eIPSCs reached the plateau within 5 min after membrane depolarization, persisting for at least 20 min. Application of 100 μM ATP also significantly increased the amplitude of eIPSCs to 132.3 ± 4.4% of control (Fig 2B, n = 6 , p < 0.001). In contrast to RP, the amplitude of eIPSCs showed gradual increase that lasted for more than 10 min after administration of ATP. The PM-LTP was preceded by transient increase in amplitude and frequency of spontaneous IPSC during ATP application (data not shown). The gradual increase of eIPSCs and the short-term enhancement of spontaneous IPSCs preceding PM-LTP were consistent with the previous reports [9, 10, 27] .
Increased number of GABA A receptors in RP and increased singlechannel current in PM-LTP Fig 3A and 3B show typical eIPSCs recorded during RP and PM-LTP. Rise time (10 to 90% of the peak amplitude) of eIPSCs was not altered in both RP and PM-LTP. The mean rise time was 3.7 ± 0.3 ms and 3.3 ± 0.2 ms (n = 8, p = 0.07) before and after membrane depolarization, and 3.3 ± 0.2 ms and 3.1 ± 0.2 ms (n = 6, p = 0.18) before and after ATP application, respectively. There was, however, significant reduction in the decay time (90 to 10% of the peak amplitude) of eIPSCs after membrane depolarization (Fig 3A, upper panel) , but not after ATP application (see Discussion). The mean decay time were 32.2 ± 2.3 ms and 28.2 ± 1.7 ms (n = 8, p < 0.05) before and after membrane depolarization, respectively, whereas those remained unaltered (21.6 ± 9.5 ms and 21.4 ± 9.6 ms, p = 0.72) before and after application of ATP, respectively. These results indicate that the electrophysiological properties of GABAergic transmission are differentially modulated during RP and PM-LTP. As illustrated in Fig 3, we further analyzed eIPSCs by PS-NSFA to characterize the changes in the single channel properties following membrane depolarization or ATP application. During RP, the number of functioning GABA A receptors (N) significantly increased to 189.7 ± 19.8% of control condition (n = 8, p < 0.01), while the single-channel current (i) was not altered (102.2 ± 5.5%, n = 8, p = 0.697, Fig 3A and 3C) . Interestingly, the number of GABA A receptors remained unchanged during PM-LTP (93.3 ± 6.3%, n = 6, p = 0.333), while the single-channel current significantly increased to 158.7 ± 10.1% (n = 6, p < 0.01, Fig 3B and  3C) . These results indicate that RP could be induced mainly by insertion of novel functioning GABA A receptors into interneuron-PC inhibitory synapses, whereas the upregulation of membrane conductance of existing GABA A receptors dominantly contributes to the induction of PM-LTP.
PM-LTP involves PKA-dependent signaling pathway
Since our data from PS-NFSA indicated that RP and PM-LTP depend on different modes of modulation leading to the increases in the activity of GABA A receptors, we then sought to examine whether or not PM-LTP could recruit the second messenger signaling cascade involving CaMKII for its mechanism of induction and maintenance, as has been reported for RP [28, 29]. To ask this question, we examined the effects of a CaMKII inhibitor, KN-62, and PKA inhibitors, H-89 and cAMPS-Rp, on PM-LTP. Interestingly, the CaMKII inhibitor KN-62 failed to prevent the induction of PM-LTP. The amplitude of eIPSCs recorded during 10 to 15 min after ATP (100 μM) application significantly increased to 122.7 ± 6.5% of control (n = 4, p = 0.55 vs. application of ATP alone, 132.3 ± 4.4%, n = 6, Dunnett test, Fig 4C and 4D) in the presence of KN-62 (3 μM). Furthermore, after treatment with KN-62, ATP did not significantly alter the number of GABA A receptors (76.8 ± 7.4%, n = 4, p = 0.68 vs. application of ATP alone, 93.3 ± 6.3%, n = 6, Dunnett test), while the single-channel current was increased to 165.7 ± 10.4% (n = 4, p = 0.96, Dunnett test vs. application of ATP alone, 158.6 ± 10.1%, n = 6, Fig 4E) . However, the amplitude of eIPSCs declined to the control level during the period 15 to 20 min after application of ATP (110.0 ± 10.6%, n = 4).
In contrast, treatment with the PKA inhibitors completely suppressed PM-LTP. ATP application did not affect the amplitude of eIPSCs in the presence of either H-89 (5 μM; 99.6 ± 5.7% of control, n = 5, p = 0.002 vs. application of ATP alone, Dunnett test, Fig 4A and 4D ) or cAMPS-Rp (100 μM; 93.4 ± 6.8% of control, n = 5, p = 4×10 −4 vs. application of ATP alone, Dunnett test, Fig 4B and 4D) . Neither the number of GABA A channels (88.3 ± 19.2% and 97.2 ± 10.9% of control in H-89 and cAMPS-Rp, n = 5 each, respectively) nor the single-channel current (110.9 ± 18.9% and 101.2 ± 6.8% of control in H-89 and cAMPS-Rp, n = 5 each, respectively) was significantly altered by ATP application after the treatment with either H-89 or cAMPS-Rp (Fig 4E) .
Discussion
In this study, we found that: (1) depolarization-induced RP of GABAergic transmission at cerebellar interneuron-PC inhibitory synapses could be caused by an increase in the number of synaptic GABA A receptors without changes in the receptor channel conductance; and (2) activation of purinoceptors by ATP resulted in another form of plasticity, PM-LTP, at the GABAergic synapses through an increment of GABA A receptor conductance without discernible changes in the receptor channel number. Moreover, the PKA inhibitors H-89 and cAMPS-Rp, but not the CaMKII inhibitor KN-62, completely suppressed the induction of PM-LTP, suggesting that PM-LTP involves the mobilization of PKA-dependent signaling pathways for its induction. Our results are in a sharp contrast to the previous findings that CaMKII-dependent signaling pathways underlie the induction and maintenance of RP. Taken together, it is therefore highly likely that cerebellar interneuron-PC inhibitory synapses undergo profound synaptic plasticity caused by at least two distinct postsynaptic mechanisms: one is PM-LTP, namely ATP-induced enhancement of GABAergic transmission, that could be mediated by cAMP-PKA-dependent upregulation of single GABA A receptor channel conductance in PCs, and the other RP, namely postsynaptic depolarization-induced enhancement of GABAergic transmission, that could recruit the insertion of novel GABA A receptors into the synaptic sites between interneurons and PCs. RP has been reported to depend on Ca 2+ influx via voltage-gated Ca 2+ channels [2] , leading to activation of CaMKII [28, 29] . Our data from PS-NSFA provide a hint for downstream of CaMKII activation: (1) although β1 and γ2 subunits of GABA A receptors have specific phosphorylation sites for CaMKII [30, 31] , CaMKII activation at cerebellar GABAergic synapses unlikely couples to direct phosphorylation of synaptic GABA A receptors, and (2) a possible target of CaMKII activation could be molecular component(s) involved in GABA A receptor trafficking into the inhibitory synaptic sites. Consistent with this notion is the finding by Kawaguchi and Hirano [32] that GABA A receptor-associated protein (GABARAP) plays a critical role in RP by its binding to GABA A receptor γ2 subunit and tubulin in a manner depending on CaMKII activation. GABARAP has been implicated in the mobilization of clustering and the cell surface expression of γ2-containing GABA A receptors [33] . The fact that membrane depolarization does not alter the amount of surface GABA A receptors in PCs [32] suggests that GABARAP likely increases the number of synaptic GABA A receptors by increasing their local diffusion from extrasynaptic to synaptic site [34, 35] . Taken together, the mechanism underlying RP could be triggered by membrane depolarization-derived Ca 2+ influx via voltage-gated Ca 2+ channels that could activate CaMKII, coupling to stimulation of GABARAP, thereby increasing the number of synaptic GABA A receptors, possibly via lateral diffusion of extrasynaptic GABA A receptors (Fig 5) . The observation in this study that the decay time of eIPSCs was reduced during the postsynaptic depolarization-induced RP (see the inset traces in Fig 3A) could be explained by the possibility that depolarization might cause liberation of retrograde messengers that could act on BC (basket cell) nerve terminals, thereby changing the kinetics of GABA release and affecting the decay time of eIPSCs. Moreover, the time course of eIPSCs was prolonged in the presence of bicuculline (see Fig 1B, upper traces) . It might be conceivable that bicuculline might remove some GABAergic inhibitory effects on BCs and/or GABA release, thereby prolonging the sIPSC time-course and that the binding of bicuculline to GABA A receptors may result in alteration of kinetics of receptor channel opening and closing. Although these changes in eIPSC kinetics are intriguing, it seems however unfeasible to further determine what mechanisms underlie these effects caused by RP and bicuculline.
The present finding that activation of purinoceptors by ATP was associated with long-term enhancement of the GABA A receptor unitary current, but unlikely linked with changes in the number of GABA A receptors suggests that modification of GABA A receptors by phosphorylation can lead to the subsequent increase of the receptor conductance, thereby resulting in PM-LTP. Because the treatment with PKA inhibitors, H-89 and cAMPS-Rp, completely blocked the induction of PM-LTP, PKA is likely responsible for phosphorylation of GABA A receptors to induced PM-LTP. Indeed, numerous studies reported that PKA directly phosphorylates β subunit of GABA A receptors [36] [37] [38] [39] . Furthermore, at interneuron-PC GABAergic synapses in the cerebellar cortex, activation of PKA facilitates both IPSCs and current responses to exogenous GABA [40] . To date, among the metabotropic purinergic receptors that have been investigated, the activation of P2Y 11 subtype receptor and the associated G s protein activates PKA [41, 42] . ATP is an endogenous agonist for P2Y 11 receptors [43] , and P2Y 11 receptors have been demonstrated to localize in PCs of rat cerebellar cortex [12, 44] . Our data therefore suggest that ATP binding to P2Y 11 receptors activates PKA, which, in turn, phosphorylates GABA A receptors to increase the receptor conductance and thereby induces PM-LTP (Fig 5) .
In the presence of the PKA inhibitor H-89, ATP transiently suppressed eIPSCs (see Fig 4A) . The observation could be explained by the two possibilities as follows: (1) ATP may act on adenosine A 1 receptors and suppress GABA release from BC terminals [45] ; and (2) ATP can increase the frequency of sIPSCs, thereby causing fatigue of the GABA release machinery that would lead to suppression of eIPSCs [10] . The fact that ATP did not affect the eIPSC amplitude in the presence of cAMPS-Rp (see Fig 4B) might be consistent with the notion that cAMPS-Rp, an analog of cAMP, may activate hyperpolarization-activated cyclic nucleotide-gated (HCN) channels of BCs [46, 47] and thereby counterbalance the inhibitory action of adenosine.
It remains, however, to be determined whether or not PM-LTP is exclusively mediated by activation of PKA, because the activation of P2Y 11 receptor may concurrently trigger intracellular Ca 2+ release from endoplasmic reticulum via activation of the signaling cascade that includes associated G q/11 protein, phospholipase C (PLC) and inositol 1, 4, 5-trisphosphate [44] . Indeed, Saitow et al. [10] reported that P2Y 1 receptor-mediated increase of intracellular Ca 2+ can induce PM-LTP. In this study, inhibition of CaMKII did not suppress the potentiation of eIPSC during the period 10 to 15 min after ATP application, whereas the amplitude of eIPSCs thereafter reversibly recovered to the control level. The time course of eIPSC amplitudes after treatment with the CaMKII inhibitor ( Fig 4C) was markedly different from those recorded in the experiment in which ATP alone was applied (Fig 2A) : the ATP-induced increase in the amplitude of eIPSCs lasted for more than 20 min in the absence of KN-62. These results suggest that ATP-induced PM-LTP has at least two, PKA-dependent and CaM-KII-dependent, components: the induction of PKA-dependent process appeared to be much faster than that of CaMKII-dependent process. The latter component may also be mediated by other subtypes of metabotropic purinoceptors on PCs, such as P2Y 1 , P2Y 2 , P2Y 4 , and P2Y 6 receptors, because activation of those receptors triggers PLC to mobilize intracellular Ca 2+ [43] . Further studies using subtype-specific purinergic agonists and antagonists are needed to determine particular subtypes of purinoceptors that may contribute to PM-LTP. Another possible component that might affect PM-LTP is the activation of protein kinase C (PKC), downstream of increased intracellular Ca
2+
, which can also directly phosphorylate β subunit of GABA A receptors. However, the activation of PKC is reported to suppress GABA A receptor currents in the cultured cortical neuron [48] .
Conclusions
The present study demonstrates that PS-NSFA is useful to evaluate modulation of GABAergic transmission between cerebellar interneurons and PCs. Our data reveal that there are at least two separate forms of long-term potentiation at the GABAergic synapse on PCs through the increases in either the number or the single-channel conductance intensity of postsynaptic GABA A receptors, which are mediated by separate signaling pathways involving different second messengers. Such distinct forms of synaptic plasticity could be beneficial for fine tuning of the output from PCs that is responsible for the regulatory mechanism underlying motor function and learning.
